Introduction
High strength aluminum alloys, including precipitation hardenable AI-Zn-Mg alloys are susceptible to hydrogen environment assisted cracking (HEAC) when exposed to aqueous environments [ 1-51, In AI-Zn-Mg-Cu alloys, overaged tempers are commonly used to increase HEAC resistance at the expense of strength but overaging has little benefit in low copper alloys [1-51. However, the mechanism or mechanisms by which overaging imparts HEAC resistance is poorly understood [3] . The present research investigated hydrogen uptake, diffusion, and crack growth rate in 90% relative humidity (RH) air for both a commercial copper bearing AlZn-Mg-Cu alloy (AA 7050) and a low copper variant of this alloy in order to better understand the factors which affect HEAC resistance.
Experimental Procedure Materials and Heat Treatments
The AA 7050 and the low copper variant of AA 7050 were supplied by the Aluminum Company of America (Alcoa) in final heat-treated form. The chemical composition of each material is given in Table 1 . The AA 7050 material was heat-treated from a commercially produced 6" thick plate and the low copper material was from a 2" thick plate produced at the Alcoa Technical Center. Samples were taken from the T/4 plane of the 6" AA 7050 plate and the T/2 plane of the 2" thick low copper material. The heat treatments investigated include the underage (UA), peak aged (PA) and overaged (OA) tempers and are summarized in Table 2 The microstructure of AA 7050 and the low copper variant are shown in Figure 1 . The microstructure contained a combination of recrystallized and unrecrystallized grains. Typical dimensions of the pancake shaped, unrecrystallized grains are approximately 1000 pm (L) x 250 p (T) x 75 km (S). Note the similar grain stmcture and degree of recrystallization for the AA 7050 and the low copper material. Note that rhe peak aged thennal treatment actually produced a slightly overaged microstructure in the low copper alloy. However, to facilitate the discussion, the term "peak aged" will be used to describe both the AA 7050 and the low copper alloy that was processed at the 154°C 12 hour thermal treatment.
Environmental Exposure to Humid Air
Hydrogen charging of the samples used in this study was performed via exposure to 90% RH at temperatures between 25 and 90'C. Temperature and humidity were electronically controlled in an environmentally sealed cabinet. The source of water vapor was distilled deionized water, while the source of air was laboratory air with low levels of NO, and SO,. Details of the crack growth rate testing have been presented previously [5, 101.
Analysis of Local Hydrogen Concentrations
Nuclear Reaction Analysis (NRA) Nuclear reaction analysis for hydrogen concentration measurements was performed via the I5N(p, ay)"C resonance reaction. The NRA tests were performed in a vacuum chamber with a total pressure of <1.3x10" Pa, with beam acceleration in excess of 6.385 MeV. The spot size of the beam was approximately 3 mm in diameter and the depth resolution was approximately 4 nm. Depth profiling between 0-1 pm was achieved by varying the energy of the ''N beam at a constant fluence such that the resonant energy was achieved at increasing depths. NRA was performed on both unstressed coupons (-2.5 cm x 2.5 cm x 1 cm) exposed to 25'C, 90% RH air and on samples sectioned from the fracture surfaces of crack growth rate tests conducted in 90°C, 90% RH air.
Secondary Ion Mass Spectroscopy (SIMS)
A liquid gallium sputtering source was used to perform the SIMS depth profiles. The gallium beam was focused to 10 x 10 Km area at a current of 1000 pA in order to examine a single grain facet. Depth profiling was performed in each of these regions from approximately 0-1 micron into the surface. Sputtering depth was determined via known sputtering rates for aluminum. The hydrogen signal (mass/charge=l) was monitored with a quadrupole mass spectrometer. Three distinct areas of fracture surfaces from crack growth rate tests were investigated, the precrack, the near crack tip HEAC region (-5 mm from the crack tip on a single grain facet) and the fast fracture region. These areas were chosen to correspond to the position of NRA depth profiles as shown schematically in Figure 2 . Note that for both NRA and SIMS, hydrogen charged samples were stored in liquid nitrogen for long term storage (>3 days) or dry ice for short term storage.
Hydrogen Diffusion and Trapping

Material and Hydrogen Charging
The specimens used for diffusion and trapping studies were 1.6 mm diameter x 25 mm long rods machined from the T/4 position of the AA 7050 plate and the T/2 position of the low copper alloy. Hydrogen was charged into the samples via.exposure to hot moist air 4OoC, 90% RH for approximately 7 days. The exposure time ensured a uniform hydrogen concentration through the sam les (CC,,,, 290% Csuface) assuming that the effective diffusivity through the alloy was 21 x 10-m2/s at 40°C. After hydrogen charging and prior to testing, the sample surfaces were lightly ground with 600 grit abrasive paper, rinsed in acetone, and ultrasonically cleaned in high purity methanol. The time between removal from the charging environment and test initiation was less than ten minutes for isothermal tests and less than 20 minutes for the thermally ramped tests.
If
Thermal Desorption Spectroscopy
The thermal desorption spectroscopy (TDS) system used in these experiments has been described previously [lo-131. The TDS was used to determine the diffusivity of hydrogen via Equation 1 where D is the diffusivity, rn is the initial slope of the hydrogen pressure decay transient, 1 is the length of the sample, D l is the root of the Bessel function Jo(pn) = 0, and d is the diameter of the sample. Note that the slope, (log dP)/dt is a flux, so the units of m are 1/s and the parameters 1 and d are lengths yielding D in length% (e.g., m2/s). Details of the procedure to calculate the diffusivity are given elsewhere [ l l , 14-16] .
Constant heating rate tests were performed in a similar manner to the isothermal tests described previously [ 111 with one notable difference. After lowering the specimen into the furnace, the sample was isolated from the low vacuum side of the TDS system, and the total background pressure was allowed to stabilize to a total pressure of <1.3 x Pa before the temperature ramp was initiated. This total pressure corresponded to a hydrogen partial pressure of <1.3 x 10.' Pa. In all cases, this background pressure was achieved in less than 5 minutes to help ensure minimal outgassing of the specimen prior to the desorption test.
Results
Hydrogen Uptake in Unstressed Coupons
The hydrogen concentration profiles from unstressed coupons of underaged and overaged AA 7050 that were exposed to 9OoC, 90% RH air are shown in Figure 3 . In Figure 3 , the top graph is for coupons that had the native oxide on the exposed face while the bottom graph is for coupons which had the native oxide mechanically ground off with 600 grit, silicon carbide abrasive paper immediately prior to exposure to 90°C, 90% RH air. Note that the presence of the native oxide does not appear to hinder hydrogen ingress in the underaged alloy, but it does appear to prevent significant hydrogen uptake in the overaged alloy.
Hydrogen Concentrations Near Stress Corrosion Cracks
Both NRA and SIMS concentration depth profiles for an overaged AA 7050 sample are shown in Figure 4 . Note that the depth profiles are perpendicular to the crack plane. Three different regions of crack wake were examined with each technique; (1) the precrack region (exposed to humid air for the longest time), (2) the hydrogen environment assisted cracking (HEAC) region, and (3) the fast fracture region which was only exposed to relatively dry (-20% RH) laboratory air. Note that the NRA and SIMS spectra show similar concentration vs. depth profiles for each region investigated. Similarly, TDS shows a consistent trend ( Figure 5 ) of high hydrogen concentrations (i.e. the area under the desorption curves) in the precrack and HEAC regions and relatively low hydrogen concentrations in the fast fracture region and a region 1-2 mm from the fracture surface. Note that the TDS concentrations represent an average concentration of the very high near surface hydrogen concentration (-50 atomic %) extending to a depth of -1 pm and the bulk hydrogen concentration (-0.005 atomic %).
Hydrogen Diffusion Measurements
Results of the hydrogen diffusion measurements for AA 7050 and low copper alloy are summarized in Table 3 and shown graphically in Figure 6 . Data for high purity aluminum are also shown for comparison [ll] . Note the similarity in activation energy (-14-16 kJ/mol) for all tempers except the overaged AA 7050, which shows a larger activation energy (-32.7 kJ/mol).
Thermal Desorption Spectroscopy
Thermal desorption spectra from peak aged and overaged AA 7050 are compared in Figure 7 . Additionally, hardness data from similarly heated (and subsequently fast quenched) samples are shown to illustrate the instability of the microstructure during the desorption experiments. At a heating rate of 10°C/minute, the microstructure is unstable at temperatures greater than -3OOOC as shown by the rapid decline in hardness.
Discussion
Unstressed Coupons Exposed to 90'C. 90% RH -Effect of the Native Oxide
As shown in Figure 3 , hydrogen uptake occurs readily on the freshly abraded surfaces of both AA 7050-UA and AA 7050-OA. However, there appears to be a distinct difference in uptake when the native oxides of the underaged and overaged alloys are exposed to 9OoC, 90% RH air.
In the underaged condition, uptake occurred readily and penetration distances were very similar to the ground surface as shown in Figure 3 . However, in AA 7050 OA, the native oxide delayed hydrogen uptake and the concentration profile after 20 hours exposure was less than the ground surface after 2 minutes exposure.
These results suggest that the nature of the passive film may change with temper. This idea has also been suggested by Puiggali ef al. [17] . These researchers investigated the native oxide of AA 7010 (Al-6.12Zn-2.33Mg-1.60Cu) which is compositionally similar to AA 7050 (Al-6.09Zn-2.14Mg-2.19Cu). Puiggali er al. found that the surface film consisted of two sub-layers; (1) an inner A1203 and (2) an outer MgO layer. Moreover, the chemical composition was related to the temper, i e . , the Mg content of the surface layer decreased and the Al content increased as the alloy was heat treated from an underaged temper to the overaged temper. These findings are consistent with the notion that MgO is not protective and water may react readily with Mg and Al to produce high fugacity hydrogen, while A1203 offers some protection before it hydrates and water can react with aluminum metal [18] .
The magnitude of the hydrogen concentration produced near the surface exposed to 90°C 90% RH is also notable. The NRA technique measured peak concentrations -20,000-25,000 wt. ppm (-60-70 atomic%), consistent with a high hydrogen fugacity generated by the oxidation of aluminum. The fugacity required to produce 25,000 wt. ppm via Sievert's law atm) [lo] is many orders of magnitude below the theoretical hydrogen fugacity of hydrogen produced when aluminum is oxidized to form ,41203
Kinetics of Hydrogen Uatake
Integration of the hydrogen concentration vs. distance plots shown in Figure 3 illustrate the kinetics of hydrogen ingress. These data are shown in Figure 8 . Note that data for both the underaged and overaged tempers fall on the same curve and that hydrogen absoiption follows logarithmic-type kinetics. The hydrogen ingress rate (given by the derivative of this curve) follows inverse-logarithmic-type kinetics. The inverse-log-type kinetics implies that hydrogen ingress is not diffusion controlled (dt-type kinetics); instead hydrogen production via oxidation likely limits the ingress rate.
Hydrogen Diffusion in Aluminum Alloys
There are conflicting data for hydrogen diffusion in both aluminum [ 111 and in aluminum alloys.
Available data for hydrogen diffusion in aluminum alloys are summarized in Table 4 . Although hydrogen diffusion data in aluminum alloys is limited, the present work can likely be compaed to data on AA 7075-T6 (Le. peak aged) because of their similar composition and microstructure.
The present work predicts a room temperature hydrogen diffusivity (DAppnrenr) in AA 7050 PA to be -3 x IO-'* m2/s. The apparent diffusivity in AA 7050-PA is -7X slower than that predicted for AA 7075-T6 by Braun [19] and -17X faster than the diffusivity predicted by Gest and Troiano [20] . However, analysis of the experimental techniques of both Gest and Braun suggest that the Gest data may underpredict the diffusivity while the Braun data may overpredict it, Gest and Troiano investigated hydrogen diffusion in AA 7075-T6 (i.e., peak aged) via galvanostatic permeation and reported a diffusivity of D=2x10-m /s at room temperature [20, 211. However, Gest also showed that their permeation fluxes were independent of foil thickness, indicating that the results are not diffusion controlled and that surface reactions may bias their data toward lower apparent diffusivities [20, 21] .
Braun et al. have also studied the diffusion of hydrogen in AA 7075-T6 via electrochemical permeation at 2OoC and concluded that the diffusivity is approximately 100 times faster (Le., 2.3-6.0 x lo-'' m*/s) than the data of Gest and Troiano [19] . However, Braun er al. also failed to show that their permeation experiments were volume diffusion controlled and they noted that localized corrosion of the permeation foils (pitting) occurred, despite the use of Pd-Ag coatings and a corrosion inhibitor (NaN03) in their electrolyte [19] . Either pitting or fast-path diffusion may have biased their diff'usivities toward higher values of apparent diffusivity.
The diffusivity of hydrogen in other alloy systems is also controversial. Aluminum-lithium binary alloys have been studied by both Anyalebechi [16] and Nakashirna ef al. [22] . As shown in Table 4 , the data of these researchers are in disagreement with large differences in the reported activation energies for hydrogen diffusion (18-19 kJ/mol versus 62.7 kJ/mol for similar alloys). Note that the data of Onuchukwu on AA 1060 are likely erroneous since the surface conditions at the charging side of their permeation foils were non-uniform and the currents measured on the exit side of their foils were not dominated by the oxidation of hydrogen [23] .
Hydrogen Trapping in Aluminum Allow
The effect of solute atoms on hydrogen diffusion was investigated by Leger and Piercy who used internal friction experiments to quantify hydrogen trapping at copper and magnesium solute atoms in AI-Cu and Al-Mg binary alloys [24] . Their research indicates that these elements were relatively weak traps with binding energies of <4,8 and <5.8 kJ/mol for copper and magnesium, respectively. Other microstructural defects such as precipitates and dislocations may also act as hydrogen trap states.
Saitoh, Iijima, and co-workers have used tritium microautoradiography to investigate hydrogen trapping in high purity aluminum, A1-4 Cu mass%, Al-1 Mg2Si mass%, and an Al-6wt%Zn-2wt%Mg alloy [25, 261.
The microautoradiography work suggests that, in general, microstructural features with tensile elastic stress fields act as hydrogen traps while features with compressive elastic stress fields act as hydrogen repellers [25, 261. Guinier-Preston (GP) zones with compressive stress fields (the AlMgzSi and the Al-Zn-Mg alloys) repel hydrogen while GP-zones with a tensile stress field (the A1-Cu alloy) act as hydrogen traps [25, 261. In each of these alloys, trapping was observed at dislocations introduced by cold work and at interfacial dislocations associated with tensile elastic stress fields (the O/matrix interface in the AI-Cu alloy and the q/matrix interface in the Al-ZnMg alloy). Additionally, no evidence of hydrogen trapping was found at either q' precipitates ,or grain boundaries in the Al-Zn-Mg alloy [26] .
This technique has spatial resolution better than 0.1 km.
In the present study, hydrogen release from multiple trapping states was observed in both the peak aged and overaged alloys (Figure 7 ). Assuming that one desorption peak is associated with hydrogen release from the lattice, AA 7050-PA shows 2 trapping states and AA 7050-OA shows 3 trapping states. However, trap state identification and quantification is complicated by the microstructural instability of the alloys in the temperature regimes in which hydrogen release (T >2OO0C) occurs. Figure 7 shows that significant metallurgical changes (given by the change in hardness) occur at temperatures >3OO0C. Unfortunately, these metallurgical changes complicate identification and quantification of hydrogen trapping states.
Implications to Hydropen Environment Assisted Crack Growth
In copper bearing 7XXX series alloys, it is well established that overaging produces an increased resistance to crack growth in both liquid and gaseous water environments [I, 2. 4, 5 , 27, 281 . Without copper additions greater than -1 wt. % [4], overaging has little effect on crack growth kinetics. The findings of the present study can help explain these observations. As shown in Figure 3 , the native oxide on overaged AA 7050 retards hydrogen ingress (likely because the thicker A 1 2 0 3 oxide is more stable and prevents hydrogen production as discussed previously) for significantly longer times (little uptake after 20 hours) relative to the underaged temper (significant uptake after 2 minutes). The increased resistance of AA 7050 OA to hydrogen ingress likely delays stress corrosion cracking (SCC) initiation and increases SCC incubation' times. When freshly bared metal is present to react with water vapor and produce corrosion generated hydrogen, Figures 3 and 8 show little difference in the hydrogen uptake rates. In this case, analogous to SCC from a precrack with freshly bared metal, the increased resistance of the overaged temper is likely from the decrease in the apparent diffusivity of hydrogen [5] . Note that Figure 6 predicts that this benefit only occurs at temperatures <2OO0C. Additional support for the role of diffusion limiting pack growth kinetics comes from a comparison of the apparent activation energies for crack growth and hydrogen diffusion. For AA 7050, overaging produces a change in activation energy for crack growth in 90% RH air and for hydrogen diffusion of approximately 16 kJ/mol [5] as shown in Figure 9 . 
Conclusions
Exposure of bare AA 7050 to 9OoC, 90% RH air produces near surface concentrations of hydrogen on the order of 20,000 wt. ppm (-50 atomic %) within 1 pm of the surface. These concentrations were observed in both crack wake samples and in unstressed coupons. When exposed to 9OoC, 90% RH air, hydrogen uptake is not impeded by the native oxide of underaged AA 7050, but it is impeded by the native oxide of the overaged temper.
In copper bearing AA 7050, the overaged temper displayed an activation energy for hydrogen diffusion -2x greater than that of peak aged or underaged heat treatments (-33 kJ/mol vs. 16 kJ/mol). In the low copper alloy, overaging has little effect on either the activation energy or apparent diffusivity of hydrogen. Since near surface hydrogen concentrations and concentration profiles (-0-1 km) are similar in crack wake samples from AA 7050-UA and AA 7050-OA, the enhanced cracking resistance of the overaged temper is, in part, due to the decreased diffusivity of hydrogen through the AA 7050-OA. 
